Nanocrystalline vanadium oxide thin films have been deposited by reactive DC magnetron sputtering onto glass substrates under different processing conditions. Structural analysis and phase identification have been carried out by means of X-ray diffractometry (XRD). The surface morphologies of the different films have been examined by both scanning electron microscopy (SEM) and atomic force microscopy (AFM). The XRD results revealed single and multiple phase oxides such as VO 2 (B), VO 2 (M), V 2 O 5 , etc. with considerable differences concerning to surface morphologies, as observed by SEM and AFM. The effects the O 2 /Ar flow ratio, DC current, and working pressure on the phases formed and growth rates is discussed. Moreover, VO 2 (M) films exhibited different morphologies concerning to grain size and shape as well as dissimilar preference in crystal orientation, as a result of the processing conditions. The optical/thermochromic response of the VO 2 (M) specimens deposited under different growth rate conditions was evaluated by optical spectrophotometry and related to the respective structural characteristics.
Introduction
Vanadium oxides are a class transition-metal compounds which undergo an abrupt reversible transition from a non-metallic to a metallic state with increasing temperature. This first-order transition is accompanied by a large change of electrical resistivity and reflectance in the infrared region [1] which makes these materials attractive for applications such as optical/electrical switching devices [2] [3] [4] , electrochromic systems [5] , data storage devices [6, 7] , etc. Among them, VO 2 is the most interesting because its transition temperature is close to room temperature, ~68ºC [1] , and therefore is being under many studies in an effort to apply it in smart energy efficient windows with active solar control [8] [9] [10] [11] [12] . The stoichiometry of VO 2 has been reported as a determinant factor for an improved thermochromic performance [13] [14] [15] . However, stoichiometric VO 2 is difficult to deposit because of a narrow stability range resulting from the complex vanadium-oxygen reactive system [16] [17] [18] . Moreover, The magnitude of the change and the respective hysteresis depend on the properties of the film, i.e. crystallinity, grain size, impurities and adherence, as a consequence of the processing conditions [14, 15, 19] .
Reactive DC magnetron sputtering, which is one of the most promising techniques for largearea and large-scale coating applications [20, 21] , has been used to deposit vanadium oxide films. A major problem during the preparation of vanadium oxides in thin film form is the very narrow range of processing conditions in which a stable single phase occur [18] .
In this paper we present a study with focus on the formation of vanadium oxide films by reactive DC magnetron sputtering. The role of the processing parameters on the phases formed, crystal orientation and film morphology is discussed. Moreover, the optical/thermochromic response of VO 2 (M) films prepared under different conditions is evaluated and correlated to crystal orientation and morphology.
Experimental
DC magnetron sputtering was utilized to deposit the vanadium oxide films onto 1mm thick glass slides. The process was carried out by sputtering a 99.95% purity round vanadium target in a controlled argon-oxygen atmosphere. Prior to the deposition the vacuum chamber was evacuated down to a pressure of about 3x10 -5 mbar. A pre-sputtering of 10 minutes with argon was carried out before each deposition to remove the oxides eventually formed at the surface of the target. For the deposition of the vanadium oxide films, the sputtering and reactive gases were introduced into the chamber separately through two gas mass flow controllers. There have been prepared two series of films with distinctive growth rate conditions. In the first, the O 2 /Ar flow has been varied from 1.05 to 3.55% and from 6.25 to 50%, maintaining a constant power. Also, the DC current has been varied from 0.28 to 0.32A at a constant O 2 /Ar flow ratio of 2.61%. The second series has been prepared under a O 2 /Ar flow ratio of 14.6% and a DC current of 0.5A, at a lower total pressure. One film has been doped with tungsten during deposition of vanadium oxide by sputtering from tungsten-doped vanadium target. After the depositions, all films cooled down to room temperature in vacuum inside the chamber.
The structural analysis and determination of the phases formed under the different processing conditions has been done by using a X-ray diffractometer operating with a continuous scan of Cu K α1 radiation with λ=1.54056Å. Once the vanadium oxide phase(s) of each sample has been identified some of the samples were chosen for further analyses. Scanning electron microscopy (SEM) has been used with the purpose of examining the surface morphology of the different phases formed. Moreover, AFM analyses have also been performed as a complement to SEM in order to quantify roughness parameters and to determine average grain sizes. An area of 1x1µm 2 has been chosen for the scan.
The samples containing single phase VO 2 (M) were subjected to optical spectrophotometry analysis so the optical behavior could be evaluated. It has been done by measuring the near-normal transmittance from 250 to 2500 nm under and above the switching temperature. The determination of the switching temperature was carried out by evaluating the transmittance change with temperature.
Results and discussion
Structural analysis and phase identification. Fig. 1 shows the vanadium oxide phases formed with different O 2 /Ar flow ratios used in the experiment. It can be seen that all spectra show a broad background hump centered around 2θ=27º which is due to the amorphous glass substrate, as confirmed by comparing with the spectra of an uncoated substrate. Concerning to the films themselves, when the O 2 /Ar ratio is increased phases richer in oxygen are preferred to be formed. The lower pattern of sample deposited with 6.25% presents V 4 O 7 , β-V 2 O 5 and a small amount of VO 2 (B). Intermediate patterns show mixtures of various oxides and the top pattern, which has been obtained for the higher O 2 /Ar ratio, reveals exclusively single phase V 2 O 5.
As in Fig. 1, Fig. 2 shows the vanadium oxide phases formed depending on the oxygen flow ratio used in the experiment. However, in this case much lower O 2 /Ar flow ratios were used as well as constant and higher pressure. It can be seen that with an increase of the oxygen flow there will be also a tendency to form vanadium oxides with higher oxygen valence. For the chosen conditions, a O 2 /Ar flow ratio of 1.51% was found to be appropriate to form the thermochromic VO 2 (M) phase (Fig. 2b ). The main crystal orientation for this phase was found to be in the (011) direction. Fig. 3 shows the dependence on the DC current applied. Also, in this case was possible to tune the oxide phase valence by changing the current. It was observed that an increase in the current, which leads to a higher sputtering yield, conducted to a higher vanadium content at a constant oxygen flow, and therefore, led to a higher vanadium content oxide. Although VO 2 (M) and VO 2 (B) have the same theoretical stoichiometry, VO 2 (M) seemed to require higher vanadium contents to form. In Fig. 4 are shown XRD patterns of undoped and W-doped VO 2 (M) thin films deposited under high growth rate conditions, for two different deposition times. Unlike the results shown by the undoped VO 2 (M) films deposited under lower growth rate conditions ( Fig. 2b and Fig. 3b ), these patterns reveal a preferable crystal orientation in the (002) plane rather than (011). The higher ion bombardment (higher ion kinetic energy), during film formation, as a consequence of increased target current and at the same time working at a lower pressure resulted in a higher deposition rate (about fivefold, as described in the next section) and preferred crystal orientation in the film plane, (002). In Fig. 4a , which represents the pattern of the film deposited for 5 minutes, is seen only the reflection of the (002) plane, no other peak is noticeable. The increase in the deposition duration to 10 minutes led to a film with increased thickness and increased crystallinity, as observed in Fig. 4b from the change in peak intensities. Other crystal orientations are noticeable, (011) and (200) although (002) is maintained as main preferred direction. The pattern (c) which represents the Wdoped film reveals a pattern similar to that of the undoped film deposited for the same time.
Surface morphology. Table 1 presents the deposition parameters and resulting phase composition of the samples used for the analyses presented in the subsequent sections. In Fig. are depicted both SEM micrographs and AFM topographic maps showing the surface morphology of some of the vanadium oxide films prepared. As it can be noticed, both results are in perfect agreement. The morphological differences within the various films are obvious. Samples #1 and #2, comprising the same phase, VO 2 (M), reveal the same appearance of spherical-like grains with but with noticeable different mean sizes. The first one presents larger grains due to a longer deposition time (60 minutes against 20) which allowed a further growth and coalescence of grains. Unlike, sample #3 which is also VO 2 (M) presents a distinct appearance characterized by a dense and flat structure composed of long grains. Sample #4 (VO 2 (B)) is very flat and with no particular features to be referred but some regions where the film is buckled due to low adherence and residual stresses [23] . Sample #5 (V 2 O 5 ) reveals elongated grains, oriented mainly in the film plane, embedded in a very compact matrix. Sample #6, being a mixture of V 2 O 5 and VO 2 (B) has a different morphology of both separate as seen in Fig.(d) and (e). The film reveals a high density of grains lying on the film plane and many agglomerates displayed perpendicularly to the film. It should be noted that this sample was gown for 60 min. instead of 20 as for samples #4 and #5.
AFM is an useful tool as a complement to SEM allowing manipulation of the height maps to perform statistical analysis concerning to grain shape, size and orientation, roughness, textures, etc. The roughness parameters of each sample were determined and can be found in Table 2 . R a represents the average surface roughness or average deviation, R q is the root-mean-square (rms) average or standard deviation and R max is the difference between the highest peak and the deepest valley. The roughness parameters presented in Table 2 are intended to complement the maps bringing further information on the levels of flatness of the films. Grain sizes have also been determined for sample #1, #2 and #5. Samples #1 and #2 presented grain size averages of 65 and 45nm, respectively. Sample #5 revealed elongated grains with average length and width of 91 and 33nm, respectively. 6 shows cross-sections of VO 2 (M) films, deposited in the same conditions as sample #3, which allowed determining film thicknesses and estimate the growing rates. The films measured, in average, 170 and 370 nm for 7 and 15 minutes respectively. The resulting growing rate is linear and about 25nm/min, which is fivefold of that obtained for samples #1 and #2 (~5nm/min). Thermochromism of VO 2 (M) films. Fig. 7 compares the optical transmittance spectra of the VO 2 (M) samples #1 and #2 at 20 and 70ºC, on the semiconducting and metallic states, respectively. Sample #1 with a thickness of about 300nm, measured by SEM, shows a lower optical transmittance within the visible region (~10%) when compared with sample #2 (~30%) which is about 100nm thick. However, at the infrared region, the thicker film exhibits an increased thermochromic effect. For instance, at a wavelength of about 2000nm, sample #1 shows a drop in the transmittance from nearly 50% to nearly 0% while sample #2 shows a drop from about 30% to 10%. This difference is not only related to the thickness itself but also to the crystallinity of the film. It has been shown by SEM and AFM that grain shapes are identical for both samples but the sizes are distinct, being the sample with the larger grain average size the one which noticeably shows a more abrupt switch in the optical transmittance at the near infrared range. The sharpness of transition could also be attributed to a closer stoichiometry of that of exact VO 2 [22] . There exists a compromise between transparency and thermochromism. An improved thermochromism, characterized by a wide switch at the infrared, requires films with relatively high thicknesses and therefore low transparency on the visible region is an unfortunate consequence. In Fig. 8 is illustrated the optical transmittance spectra of VO 2 (M) films deposited under high growth conditions, both undoped and W-doped. It can be observed in Fig. 8a that both the VO 2 films present a significant thermochromic behavior by exhibiting a large switch in the optical transmittance at the near infrared wavelength range. The films present reasonably good transparencies showing maximum transmittances at the visible range around 35 and 40% for the undoped and W-doped, respectively. Moreover, the W-doped film presents the maximum at the visible range shifted to a lower wavelength value resulting in a green color instead of brown-yellow. Fig. 8b shows the optical transmittance hysteresis loops during heating and cooling for the same films. The W-doped film reveals an obvious decrease of the transition temperature and a narrow temperature hysteresis and maintains the good thermochromic switch. The transition temperatures were estimated to be 31 and 63ºC for the W-doped and undoped VO 2 films, respectively, by differentiating both curves and averaging the center of the two Gaussian fittings. Comparing Fig. 8a with Fig. 7b it can be seen there is an improvement in both transparency at the visible and thermochromic behavior. It should be referred that sample #3 has a thickness of about 125 nm while sample #2 is 100nm thick. The orientation of the film in the (002) direction, parallel to the substrate plane, resulted in a higher transparency at the visible and an improved thermochromic behavior.
Conclusions
Nanocrystalline vanadium oxide thin films have been successfully deposited by reactive DC magnetron sputtering under different processing conditions. The effect of O 2 /Ar flow ratio and DC current on vanadium oxide phase formation has been studied. Single and multiple phase vanadium oxides have been found. With the change of the oxygen/argon flow ratio, at the appropriate temperature and total pressure, vanadium oxide films with different oxygen valences can be obtained. At a given O 2 /Ar flow ratio it is also possible to tune the desirable phase by changing the DC current. With respect to the thermochromic VO 2 (M) films, the increase in thickness, and grain size, enhances the thermochromic switch in the infrared range, however it decreases the transmittance in the visible range. Moreover, VO 2 (M) films prepared under high growth rate conditions revealed main crystal orientation in the (002) plane and exhibited higher transparency in the visible region and improved thermochromic behavior compared to those oriented mainly in the (011) direction.
